A force/torque sensor is a useful tool for detecting an external force acting on a robot. Techniques to detect a contact position from a single force/torque sensor have also been developed, but these have used rigid materials in the contact areas. In terms of safety, the material should have shock-absorbing characteristics. Hence, this paper investigates the use of a urethane sponge in the contact areas and evaluates the performance of contact point calculation. First, the relationship between the external force and the displacement of the urethane sponge is measured and a model of the deformation is discussed. Second, a compensation method for soft material deformation is proposed. Finally, the performance of the whole-body tactile sensing system is verified through several experimental results.
Background
Recent years have seen the use of robots in an increasing range of areas. However, the characteristic features of robots, namely, high-speed motion and high-load operation, are hardly utilized in daily life. It is expected that our lives will be enriched by the spread of human support robots that possess these characteristics. But still numerous issues remain with regard to popularizing human support robots. One of these is the necessity of ensuring safety, as these robots will work in environments where they will come into contact with people. Vacuum cleaning robots, one of the few winning examples of commercialized domestic robots, exert only small forces to avoid potential injury to humans. Hence, it is not imperative for this type of robot to be provided with a force-sensing mechanism.
On the other hand, human-support robots [1] [2] [3] [4] that can exert large forces should have a force-sensing mechanism in view of safety. Since any part of the robot can come into contact with a human or object in the environment, whole-body tactile sensation technology is needed. Robots intended for human support are required to have a *Correspondence: tsuji@ees.saitama-u.ac.jp 1 Graduate School of Science and Engineering, Saitama University, 255
Shimo-okubo, Sakura-ku, Saitama, Japan 2 JST PRESTO researcher, Kawaguchi, Japan "sense of touch". The term "sense of touch" used here indicates the capacity to detect the point of application and direction of an external force. Moreover, as contact may occur at any points on the robot, it is desirable that the robot have a sense of touch over its entire body. Wholebody tactile sensing technology is thus essential for the popularization of human support robots.
Several studies have proposed whole-body tactile sensing methods for robots. These methods consider the following tactile sensing data: (a) contact location and (b) magnitude and direction of contact force. The most common whole-body tactile sensing method employs a tactile sensor array as a "skin" [5] . Additionally, conformable and scalable tactile sensors [6] , and flexible and stretchable tactile sensors [7] have been developed. A skin can be easily customized to a robot by covering non-flat surfaces. Although whole-body tactile sensing can be realized, doing so would warrant the use of a large number of devices on the surface.
One approach to the issue is the use of a tactile camera system. "Gelforce" [8] is composed of a transparent elastic body, two layers of blue and red markers, and a CCD camera. Force vectors are calculated based on the captured marker movement. The use of a camera reduces the number of sensor devices required, while the system requires space for projection. http://www.robomechjournal.com/content/1/1/11 Some studies have shown that a robot's sensing region can be expanded by equipping it with a force sensor. Salisbury proposed a tactile sensing method that identifies the contact point and the force vector on an insensitive end-effector using a six-axis force sensor [9] . Bicchi proposed the concept of intrinsic contact sensing that involves the identification of the contact point and force vector [10] . A few researchers have focused on the use of six-axis force sensors for realizing whole-body haptics. Iwata and Sugano developed an interface for human symbiotic robots. They realized whole-body tactile sensation by molding the end-effector of the force sensor into a shell shape with touch sensors [11] . The authors have proposed "haptic armor, " a tactile sensation mechanism based on a force sensor having a shell-shaped end-effector without any devices [12] . The mechanism has the advantage of cost and wiring reduction, while allowing for six-axis resultant force detection. It is possible to apply the technology for a haptic interface [13] or for personal authentication [14] .
Whole-body tactile sensation, and thus, improved human safety, can be realized using a tactile sensor array, a camera, and a force sensor. However, in the event of a collision, a robot can damage a human even if the robot is equipped with a whole-body tactile sensing system. There are a few solutions to this problem that involve the use of image sensors for avoiding collisions [15] , but these methods are not always effective at blind angles. As previously mentioned, the end-effector of a wholebody tactile sensing system is composed of a soft material, except for the force sensor. Force sensing methods have used end-effectors made of acrylic, polyvinyl chloride, and aluminum, all of which are highly rigid materials. It is unknown whether a system with a soft material can provide good performance. Therefore, in this paper, we propose a whole-body tactile sensing system using a force sensor with soft material in contact areas. Since an error produced by a deformation of the material is the main issue, this paper presents a method of compensating for soft material deformation. In our previous publications, we have confirmed the advantage of the method through experimental trials [16, 17] . This paper consolidate the theory and verify the method through the experimental results.
Methods

Whole-body haptics with force sensor
A simple diagram of force and moment measurement for a robot with a cover supported by a force sensor is shown in Figure 1 . External force is detected by the sensor device because the force is transmitted through the cover, which is the end-effector of the force sensor. The equilibrium of forces on the end-effector leads to the following: where F denotes the triaxial force, superscript e denotes the external force, and superscript o denotes the reaction force generated at the fixing point. It is assumed that spin torque, as discussed in [12] , at the contact point is negligible.
Although the haptic armor does not have an array structure, it is possible to calculate the contact point only if a single contact point is assumed. The contact point calculation is based on the equilibrium of torque acting on the end-effector:
where P denotes the triaxial position of a contact point. P e denotes the contact point and P o denotes the point at which the end-effector is fixed to the sensor device. M o is the triaxial reaction torque acting at the fixed point. Equation ( 2) can be rewritten as follows: 
Here, the subscripts x, y, and z refer to the axes of the Cartesian coordinates. M o x , M o y , F e x , F e y , and F e z are measured by the force sensor, whereas P o x , P o y , and P o z are derived by direct kinematics. As is evident from the red broken line in Figure 1 , (3) yields a straight line parallel to F e . The straight line constrains P e .
As noted previously, the end-effector is made of a highly rigid material. Suppose that the shape of this case is given by the following equation:
where p denotes the number of surfaces. f k is a function that calculates the distance from the surface the input point. If the end-effector is composed of a highly rigid material such as acrylic, polyvinyl chloride, or aluminum, its shape would remain unchanged upon the application of an external force. Thus, the shape equation becomes http://www.robomechjournal.com/content/1/1/11 (4) , which is the same as the equation that does not include external force. Under the assumption that a force is applied from outside the end-effector, contact point position P e can be estimated by the simultaneous solution of (3) and (4). However, it is difficult to calculate an accurate contact point for an end-effector made of a soft material because the end-effector is deformed by the applied external force. In the next subsection, we discuss compensation for soft material deformation.
Compensation for soft material deformation
This section describes the model of with soft material and introduce the way to compensate the error produced by the deformation. An end-effector made of a soft material is deformed under an external force as shown in Figure 2 . Here, P i denotes the point that the external object initially contact with the surface. P e denotes the contact point on the surface deformed by the external force. Displacement d is derived as follows:
Then, (4), equations representing rigid surfaces, can be developed as follows:
Here, d n denotes the component of d, which is vertical to the surface.
Eqs. (6) and (7) show that the method described in the previous subsection contain error owing to the displacement of soft material. Hence, this paper proposes a method to compensate the error based on the estimation of displacement. As previous studies on contact force models show, displacement of a soft material often includes hysteresis and nonlinearity [18] . This study introduces a simplified model of soft material deformation, which is estimated via linear approximation of the external force and the displacement characteristics of the soft material under an applied external force. Considering the displacement only in the nominal direction, the linear approximation for estimating the displacement of the soft material can be described as follows:
Here, F n denotes the normal-direction force on the soft material surface, and K and b denote linear approximation parameters, which are provided by a preliminary test recording the external force acting on and the displacement characteristics of the soft material.
It is possible to estimate soft material displacement using (8) , while the equation calculates the displacement from the force in nominal axis. The transformation from the absolute coordinates to the contact point coordinates, relative coordinates that have z-axis in the nominal direction of the surface, are described below.
Here, F r and d r are external force and displacement vectors in contact point coordinates, respectively. R k is a rotational matrix that transforms absolute coordinates to relative coordinates based on the kth surface. R k is derived from the kinematic information of each surface. Since F n is the normal direction component of the force, F n = F r z . By substituting the equation to (8) , displacement of the soft material d n is estimated. Calculation of the compensated position of the contact point is shown below. By developing (9), we obtain
By substituting (11) to (5), compensated contact position P e is acquired.
In many cases, the soft material is deformed in the normal direction because the external force is applied in the normal direction. Although there are small displacements in other directions, it is assumed that these are negligible. Then, (14) is acquired from (8) and (13) .
Equation (14) shows that P e can be calculated from the force information if the shape of the end-effector and contact parameters K and b are known. Figure 3 shows a structural diagram of a haptic armor composed of soft material. An end-effector made of soft material is supported by an acrylic frame. Figure 4 shows diagrams of mechanisms for fixing soft material on a force sensor. As proposed in [19] , consider that the fixation method used is a force sensor covered with soft material, as shown in the right example in Figure 4 . This fixation method has two disadvantages:
Structure of haptic armor with soft material
• For an external force applied close to the edge of the end-effector, the correct contact point is not determined because the external force and displacement characteristics are different. • In the case of a large external force, the end-effector may come into contact with the robot body. This degrades the performance because Eqs. (1) and (2) hold under the assumption that the end-effector is supported only on the force sensor.
Therefore, this study employs the mechanism of the left example in Figure 4 . Under the assumption that the thickness of the soft material is even, accurate compensation is available. It is quite common that some areas have different thickness owing to irregularity of the shape. The performance of the error compensation will be degraded in such area, while the accuracy is still better than the result without any compensation.
Soft material characteristics
A single-support end-effector equipped with a force sensor was used for achieving whole-body tactile sensation capability. Because of mechanical vibration in the end-effector, the accuracy of contact point estimation decreases if the end-effector's mass is large. In this study, low-density urethane was used as the soft material for the end effector for reducing the effect of mechanical vibration. The point of action was set at the center of a 100 × 100 × 50 mm urethane sponge (0.022 g/cm 3 ), Figure 5 shows the photo of the equipment, while it is the example using 10 mm thick sponge. An external force was applied through a digital push-pull gauge (RX-5, Aikoh Engineering Corporation) with a gauge attachment (012B, φ15) on top. The soft material displacement was measured with a manually operated motion unit (KUDP20-A, Misumi Corporation). The force and displacement characteristics of the urethane sponge were measured with the experimental system. Figure 6 shows the relationship between the external force and the displacement of the urethane sponge. In the experiment, the external force was increased from 0.0 to 20.0 N and decreased from 20.0 to 0.0 N. The same experiment was conducted five times. External force and displacement characteristics of the urethane sponge exhibit hysteresis. Thus, the displacement of the urethane sponge includes an error resulting from hysteresis. However, the average difference of displacement for the same force was 3.93 mm. Additionally, the maximum difference was 5.67 mm, and this was obtained in the first test in which an external force of 8.0 N was applied. The three straight lines in Figure 6 indicate the three types of linear approximations:
1. Linear approximation based on the data measured when increasing the external force from 2.0 to 20 N, 2. Linear approximation based on the data measured when increasing the external force from 2.0 N to 20.0 N and decreasing the external force from 20.0 to 2.0 N, and 3. Linear approximation based on the data measured when decreasing the external force from 20.0 to 2.0 N.
The parameters K and b for the three types of linear approximation are listed in Table 1 . The data at 0.0 N were not used for the linear approximation. This is attributed to the threshold force at contact initiation. In our experiments, the threshold force was set to 1.5 N. The linear approximations were performed over the 0.0-20.0 N range. The range was decided so that it would not overlap with nonlinear ranges. Figure 7 shows the result of preliminary experiment, where the external force was increased to 40.0 N. The bars indicate the standard deviation of the displacement, which is mainly caused by hysteresis effect. As shown in Figure 7 , the characteristics are linear below 25.0 N and nonlinear above 25.0 N. Thus, displacement could be estimated accurately using the relationship between the external force and the displacement of the urethane sponge for forces smaller than 25.0 N. This paper introduces a displacement estimation method based on linear approximation, while it is also possible to have more accurate estimation with other precise models. However, this study estimates the displacement by a linear function for the simplicity. Simplicity is an overriding matter because this method is useless with time consuming calibration. Additionally, estimation with a nonlinear model does not improve the performance so much because the hysteresis effect, which is difficult to consider in the estimation, is larger than nonlinearity effect.
Results and discussion
Experimental equipment
An end-effector with soft material was fabricated from a 50-mm-thick urethane sponge, as shown in Figure 8 . Table 2 lists the machine's dimensions. A six-axis force sensor (IFS67M25A50-140-ANA, Nitta Corporation) was attached to the end-effector's fulcrum. For the surface of the end-effector, the following set of equations corresponds to (7):
It should be noted that the function f k returns a positive value when P e is on the inner side of the surface. Substituting (8) to (15) , we obtain the following equations:
Here, the direction of the external force is fixed as it applies from the outside of the surface to the inside, under the assumption that only pushing force acts on the surface. For the surface area of each surface, we have
Here, the third term in (16) shows the soft material displacement estimated from the linear approximation.
In the case where the end-effector is composed of a highly rigid material, parameters K and b are zero because such materials hardly deform under the application of an external force. Therefore, when K and b equal zero, (16) is the equation that corresponds to (4) . We conducted four experiments for validating the proposed method. First, an experiment to evaluate the aging degradation is shown. Second, an experiment to compare the deformation with different thickness of the urethane sponge is shown. Third, an experiment was conducted for evaluating the difference between the linear approximation and the variation of characteristics across the end-effector. In the last place, an experiment was conducted for validating whole-body tactile sensing capability with soft material.
Evaluation of aging degradation
One important issue of using soft material for force sensation is performance degradation owing to aging. Sugiura et al. have realized force sensing using a photo reflector in soft material and have shown the linearity between material density and voltage response of a photo reflector [20] . Although this result may be one of the results to support small degradation, the evaluation does not include the effect of the degradation by the variation of material density. Hence, this study shows the effect of aging through the experimental result of an old urethane sponge. The sponge was used in the contact area of the robot for 6 months. In spite of the 6 month use, the sponge was in the state without any visible plastic deformation. Figure 9 shows the relationship between external force and displacement of urethane sponge, evaluated 6 month after the experiment shown in Figure 6 . Parameters K and b derived by linear approximation 2 were 1.298 mm/N and 6.186 mm, respectively. Comparing with the results in Figure 6 and Table 1 , it was confirmed that the basic property did not change. Figure 10 shows three results on the relationship between external force and displacement of urethane sponge. It compares the results with different thickness. It shows that the results with 50 mm and 30 mm thick sponges are more linear compared to the result with 10 mm thickness with strong nonlinearity. It infers that the applicable range of displacement estimation depends on the thickness of the soft material.
Evaluation with different thickness of soft material
Evaluation of compensation
The three linear approximations yielded experimental results for an external force applied at the center of a 100 × 100 × 50 mm urethane sponge. Thus, this section presents the linear approximation to a 50-mm-thick urethane sponge. There are areas that are not 50 mm thick, such as areas close to the edge of the end-effector. Therefore, the error due to linear approximation was estimated through experimentation for determining the points of action of an external force on Surface 1, as shown in Figure 11 . The points of action were set at intervals of 30 mm and numbered from 1 to 76. The points along the x axis were numbered 1-19, those along the y axis were numbered 20-38, those along the xy-axis were numbered 39-57, and those along the −xy-axis were numbered 58-76. An external force of 15 N was applied in the z-axis direction to these points with a digital push-pull gauge. Figure 12 shows the error of each linear approximation along the z axis. The error for the non-compensation case is the distance from the default position to the deformed position on the end-effector. This is the soft material displacement of the end-effector. The average errors obtained for points 1-76 using linear approximations 1, 2, and 3 were 1.7, 3.3, and 4.7 mm, respectively. Thus, for the linear approximation experiments, the average error was less than 5.0 mm. No individual error was greater than 10 mm. The reason for the minimum error when using linear approximation 1 is the increasing external force in the experiment. Due to the mechanical structure of the acrylic frame, it has a property that the deformation increases when a force is applied at the center of the frame. Since the model assumes that the acrylic frame is composed of a rigid body, the deformation of the frame appears as an error in the experimental results. It seems that for the errors at points 10, 29, 48, and 67, at the center of the end-effector, can be ascribed to the deformation of the acrylic frame. We conclude that linear approximation can be used for estimating soft-material displacement. The next section describes the use of linear approximation 2 for the experiment because it is generally assumed that an external force applied to the end-effector increases as well as decreases.
Whole-body tactile sensing capability with soft material
An experiment was conducted for determining the point of action of an external force on five end-effector surfaces.
As shown in Figure 13 , the point of action was set at the center of each surface for Surfaces 1-5. Additional points of action were set along the grid at 200-mm increments, thus resulting in a total of nine points per surface. A total of 45 such points were set over the entire end-effector. An external force of 15 N was applied at these points along the z-axis with a digital push-pull gauge. Figure 14 shows three types of average errors for the 45 points. These results were obtained under the following conditions:
(a) End-effector with soft material (urethane sponge), as shown in Figure 13 , without compensation for linear approximation; (b) End-effector with soft material (urethane sponge), as shown in Figure 13 , with compensation for linear approximation 2; and (c) End-effector with highly rigid material (acrylic), as shown in Ref. [12] .
In the case of (c), the experiment was conducted using equipment measuring 500 × 500 × 500 mm, while 45 http://www.robomechjournal.com/content/1/1/11
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Points of application of external force.
points of action were set over the entire end-effector and along the grid at 200-mm increments, resulting in nine points per surface. As the dark bars in Figure 14 show, the average errors of these 45 points for (a), (b), and (c) were 27.2, 16.3, and 13.2 mm, respectively. The average error of (a) was larger than that of (c) because end-effector displacement was not estimated. For (b), the displacement was estimated by linear approximation. The light bars in Figure 14 show the relative errors by the ratio of absolute error to the size of the end-effector. Since (a) and (b) have 20% larger end-effector, the relative error become smaller in these two cases. The difference between (b) and (c) is quite small in relative error. Therefore, we conclude that whole-body tactile sensing capability with a soft material can be realized by using compensation based on external force and displacement characteristics. Incidentally, there were errors in all cases, i.e., (a), (b), and (c). These errors are unavoidable because commercial force sensors have a maximum of 1% nonlinearity and 1% hysteresis.
Conclusion
This paper proposed a whole-body tactile sensation system with soft material in the contact areas and a method of compensating for soft material deformation. The error of a calculated contact point with the soft material is similar to that with a highly rigid material, when the compensation for the deformation is introduced. Experimental results verified the validity of the proposed mechanism. Future work will focus on evaluating the compensation for the deformation with other soft materials.
